GRhOUNDWATER POLLUTION by agricultural chemicals as become a growing concern in the USA because 40 to 50% of domestic drinking water is pumped from groundwater resources (Jury, 1982; Hallberg, 1986) . Several studies suggest that water pollution is the most damaging and widespread environmental effect of agricultural production (Cohen et al., 1984 : Hallberg, 1989 Ritter, 1990) . As a result, numerous monitoring programs have been conducted to determine the presence of agricultural contaminants in surface water and groundwater. The potential of pesticides to contaminate our groundwater has been well documented (Hallberg, 1989; Rostad et al., 1989; Spalding et al., 1989) .
Atrazine (2-chloro-4-ethylamino-6-isopropylamino-striazine) is a preemergent herbicide commonly used in corn (Zea mays L.) growing regions of Iowa, where nearly 3.2 x 10 6 kg a.i. is applied annually. Atrazine is also one of the commonly detected compounds in groundwater in Iowa K. Jayachandran, T.R. Steirdaeimer, and T.B. Moorman, USDA-ARS, National Soil Tilth Lab., 2150 Pammel Dr., Ames, IA 50011; L. Somasundaram, Du Pont Agricultural Products, Wtlmington, DE 19880; and R (Hallberg, 1989; Spalding et al., 1989; Hartzler and Jost, 1990; Stoltenberg et al., 1990; Goolsby et al.; 1991) . The frequency ofatrazine detection in groundwater results from its intense usage, moderate persistence, and mobility through the soil profile (Spalding et al., 1989) .
As atrazine moves through the soil profile, several factors including moisture, temperature, aeration, soil chemical properties, and microbial activity influence the fate of this compound. Atrazine is degraded both chemically and biologically. Dealkylation of atrazine is the main biotic degradation pathway in the soil environment. Several species of bacteria and fungi are effective at deethylation, forming deethylatrazine (2-chloro-4-amino-6-isopropylamino-s-triazine; DEA), and some species of microorganisms are more proficient at deisopropylation, forming deisopropylatrazine (2-chloro-4-ethylamino-6-amino-s-triazine; DIA) (Kaufman and Kearney, 1970; Behki and Khan, 1986) . Hydrolysis of atrazine to hydroxyatrazine (2-hydroxy-4-ethylamino-6-isopropylamino-s-triazine) is the major abiotic degradative pathway (Skipper et al., 1967; Obien and Green, 1969) . The N-dealkylation of atrazine by soil microorganisms is potentially more important for water quality studies, because the resulting compounds are more water-soluble and more mobile in the soil profile than hydroxyatrazine. Hydroxyatrazine is more strongly bound to the soil than atrazine, DEA, and DIA, and therefore is less mobile in soil (Russell et al., 1968; Helling, 1971) , so that the possibility of leaching into groundwater appears to be minimal.
Most of the groundwater-monitoring programs focus only on the parent compound and very little information is available on the potential of pesticide degradation products. A few studies have detected the presence of atrazine degradation products, DIA and DEA, in groundwater (Muir and Baker, 1976; Rostad et al., 1989; Adams and Thurman, 1991) . Because metabolites are also toxic from an exposure point of view (Hallberg, 1989) , measuring the environmental fate of pesticide degradation products is increasingly important. Both atrazine metabolites are primary amino derivatives of an azaarene ring system. These types of organic compounds are known mammalian carcinogens (Hayes and Laws, 1991) . Thus, their occurrence in water resources drawn for domestic supply constitutes a potential risk to human health. The current maximum contaminant level (mcl) for atrazine is 3 ~tg -~ in drinking water; however, this does not consider the degradation products (Belluck et al., 1991) .
Soil microorganisms convert significant quantities of atrazine to DEA. Based on this metabolic process, a deAbbreviations: DEA, deethylatrazine; DIA, deisopropylau-azine; mcl, maximum contaminant level; DAR, deethylatrazine-to-atrazine ratio; PVC, polyvinyl chloride; TBA, terbuthylazine; SPE, solid-phase extraction; CH, cyclohexyl; DIAR, deisopropylatrazine-to-atrazine ratio.
ethylatrazine-to-atrazine ratio (DAR) has been hypothesized as an indicator of hydrogeologic and geochemical conditions existing in shallow groundwater (Adams and Thurman, 1991) . The DAR also may be an indicator of residence time in the soil during transport of atrazine. Prolonged residence time in soil during atrazine transport should result in large DAR values, whereas, mixing with atrazine-contaminated groundwater from external pointsources or originating from preferential flow processes would be expected to yield small DAR (<0.5) values.
This study was initiated to monitor atrazine and its degradation products at the Till Hydrology Site experimental plots, 13 km west of Ames, IA, in which corn was continuously grown under no-till management. Water sampies were collected from tile-drains and suction lysimeters during the growing seasons of 1990 and 1991 following herbicide application to determine the concentration of atrazinc and its degradation products that moved into the subsurface drainage system.
MATERIALS AND METHODS

Site Description
The research field is located at the Agronomy and Agricultural Engineering Research Center, 13 krn west of Ames, IA. The experimental plots are located on a Nicollet loam soil (fineloamy, mixed, mesic Aquic Hapludolls) with a maximum slope of 2 %. This soil series consists of deep, moderate to poorly drained soils formed in loamy glacial till under prairie vegetation. The groundwater system consists of an unconfined aquifer within a highly weathered glacial till and includes a perched water table varying from a depth of<l m to >3 m. The 4.0-ha field is divided into 10 experimental plots in which corn was grown continuously since 1984 using no-till and conventional tillage practices. Three no-till plots (Plots 2, 4, and 5) were selected for studying the movement of atrazine and its degradates into shallow groundwater. The area of the experimental plots were 3360 m 2 for Plot 2, 4050 for Plot 4, and 2310 for Plot 5.
Each experimental plot is drained by a separate tile-drain (10.2 cm diam.) spaced at 36.6 m apart. Tile drains were installed in this area in 1961 at a depth of 122 cm. Details on installation of deep sumps to intercept tile lines and measurement of tile flow rates are described elsewhere (Kanwar et ai., 1988) . A set two polyvinylchloride (PVC) suction lysimeters were installed in two locations in each plot at 90-and 150-cm depths to collect water periodically for pesticide analysis. Installation of these devices included a soil slurry pack over the porous cups. A series of five piezometers (3.8 cm diam. plastic pipe with an open bottom) were also installed in Plot 4 at depths of 120, 180, 240, 300, and 360 cm to collect water from these depths for pesticide analysis. Piezometers were constructed from PVC casings and not polyethylene or polypropylene; furthermore, all wells were purged prior to sampling. Therefore, all atrazine loss from adsorption is assumed to be minimal.
The pesticide application history for the experimental field is listed in Table 1 . Atrazine was broadcast applied as a preemergent herbicide at a rate of 1.68 kg ha -1 and corn, Pioneer 1 hybrid no. 3475, was planted on 2 May 1990. Plot 5 received atrazine broadcast at a rate of 2.24 kg ha -~ on 14 Nov. 1990 for a rainfall simulation study (Table 1) . No atrazine was applied in 1991.
Mention of a trade name, proprietary product, or specific equipment does not constitute a guarantee or warranty by the USDA and does not imply its approval to the exclusion of other products that may be suitable. Additional atrazine (2.24 kg ha -1) was broadcast applied on Plot 5 in November 1990.
Sample Collection
Water sampling was started in early May 1990 after planting and herbicide application, and continued until 20 August. At the beginning of this field study, sampling sequences were planned and executed on a weekly interval basis; later, as the study progressed, the sampling sequences were modified according to the tile-flow events. Sampling was terminated after 20 August (110 d after atrazine application) because tile flow ceased. A similar situation occurred in the following season (1991), where sampling was started immediately after planting 10 May 1991 and continued until 5 June 1991.
Water samples were collected in acid-washe~ 500-mL glass bottles. Duplicate samples were collected from the overflow on a V-notch weir located in a manhole at the tile-drain outlet. Sampies were transported to the laboratory and immediately stored in the dark at 4 °C until analysis. The volume of each sample collected from the tile-drain outlet ranged from 250 to 500 mL, with an average volume of abut 400 mL. Precipitation data (Fig. 1A and 2A) were recorded at a meteorological station at the research center. Daily tile flow rate measurements ( Fig. 1B and 2B) were used to calculate the amount of atrazine drained through the tile lines. Based on the daily tile flow events and analytical data points, a linear regression equation was used to extrapolate from late May through August for both growing seasons to estimate the loss of atrazine and degradates in the tile-drain water. The stage recorder and calibrated V-notch weir were installed in Plot 5 in 1991, so tile flow data were collected only for Plots 2 and 4 in 1990.
Water samples were also collected for analysis from suction lysimeters and piezometers for analyses. About 24 h before sampiing, standing water was pumped and discarded from the piezometer and a vacuum was applied to each lysimeter to collect fresh samples. Sample containers and storage procedure were as described earlier. Water samples from piezometers were collected only in the months of May and June 1990. Samples from lysi- meters were collected after sufficient precipitation. The volume of samples collected from each lysimeter varied from 20 to 400 mL, with an average volume of about 300 mL. The lack of soil moisture prevented sample collection from lysimeters at some sampling periods.
Sample Analysis
Samples were analyzed by the method of Steinheimer and Ondrus (1990) as amended by Steinheimer (1993). Test sample volumes of 100 to 500 mL (typically 250 mL) were spiked with a surrogate compound, terbuthylazine (2-(tert-butylamino)-4-chloro-6-ethylamino-s-triazine; TBA), at 1 Ixg -1. Three analytes together with the surrogate were removed from water by solid-phase extraction (SPE) on cyclohexyl (CH) cartridges (Analytichem BondElut, Vadan Sample Preparation Products, Harbour City, CA) and followed by elution with pesticide-grade MeOH (Burdick and Jackson, Muskegon, MI). Final extract volume was reduced to 0.5 mL by concentration under N~ stream at 45 °C.
Instrumental determination was achieved on a Model 1090M Seres II liquid chromatograph (Hewlett-Packard Company, Little Falls, DE) equipped with an autosampler, a thermostated colunm compartment, and a photodiode-array detector. System operations were controlled from an HP ChemStation running PAS-CAL Series software (Rev. 5.21). Liquid chromatography separations were accomplished using acetonitrileowater gradients on LiChrospher 100 RP-18 (Hewlett-Packard Company, Little Falls, DE) column (150 by 4 mm, 5 ~tm spherical packing) at 40 The analytical column was preceded by a guard column of the same packing (4 by 4 mm). Identifications were made by peak comparisons with spectra stored in a user-generated library of reference spectra. Six-point external-standard quantitative calibration plots were developed for each analyte by injection of 25-lxL volumes of serially diluted four-component-standard mixtures. Correlation coefficients (r:) for the standard plot of DEA, atrazine, and TBA were 0.999 and 0.996 for DIA, all within the concentration range of 0.25 to 2.50 mg L -1. Analytical puritycertified reference standards were provided by the Pesticide Repository, USEPA, Research Triangle Park, NC, and by the Riedel deHaen (Crescent Chemical Company, Hauppage, NY).
A parallel Quality Assurance and Quality Control program was implemented to assure the precision and accuracy of the results. Check samples were prepared by spiking surface water representative of agricultural land drainage. Recovery studies on grab samples taken during base-flow from the south fork of the Skunk River (near Ames, IA) showed DEA, atrazine, and TBA were consistently >90%. Recovery efficiency for DIA, about 60%, required a matrix-spike recovery correction for the analyte. Each instrumental sequence consisted of 10 to 12 sample extracts sandwiched between two methanol blanks and two standard mixtures treated as unknowns, both at the beginning and at the end of the sequence. All injections were duplicated, with coefficients of variation calculated to be 7.5, 3.3, 2.7, and 1.4% for DIA, DEA, atrazine, and TBA, respectively. Mean recovery of TBA for the entire sampling and analysis regime was 97 %. Method detection limits are estimated at 0.03, 0.05, and 0.10 ~tg L -~ for DIA, DEA, and atrazine, respectively.
RESULTS AND DISCUSSION
Occurrence of Atrazine Congeners in Tile-Flow Drainage
The concentrations of atrazine, DIA, and DEA determined during the two growing seasons of 1990 and 1991, axe presented in Fig. 3 and 4 . Because each experimental plot was different in tile-drainage pattern (Fig. IB and 2B) and transport of atrazine and degradates into groundwater (Table 2) , results from each plot are presented separately. The overall concentrations of atrazine in tile-drain water during the period from 43 to 110 d after herbicide application ranged from 1.9 to 2.9 ~tg L -t in Plot 2, 1.3 to 2.0 ttg L -~ in Plot 4, and 3.1 to 5.1 gg L -~ in Plot 5 (Fig. 3A) . These results are consistent with other reports of similar or greater concentrations of atrazine found in shallow groundwater systems (Muir and Baker, 1976; Hall and Hartwig, 1978; Spalding et al., 1979; Wehtje et al., 1984; Hallberg et al., 1985; Pionke et al., 1988; Isensee et al., 1990; Kanwar, 1991; Gaynor et al., 1992) . Throughout the sampiing periods in 1990, atrazine concentrations in Plot 5 were two times greater than in Plots 2 and 4. Although there is a slight lateral gradient in groundwater flow as a result of <2% relief, topography does not significantly influence the water table in any of the three plots. There- fore, responses to groundwater level changes in Plot 5 are no different than Plots 2 and 4. Preferential flow through macropores could be of greater importance in this plot. Preferential flow of atrazine through macropores has been well documented (Isensee et al., 1990; Kanwar, 1991) . In the following season (1991), average concentrations of 1.0 and 0.6 gg L -1 atrazine were measured in Plots 2 and 4, respectively (Fig. 4A) . These residues probably represent carryover from previous year's application. In Plot 5, greater concentrations of atrazine were measured in tiledrain water (Fig. 4A ) than in drainage from Plots 2 and 4. In 1991, there was no spring atrazine application; however, Plot 5 received an additional application of atrazine at 2.24 kg ha -1 in November 1990. The average concentration of atrazine in Plot 5 was 6 to 8 times greater than Plot 2 and 10 to 14 times greater than Plot 4. The early season tile-flow pattern (Fig. 2B) in Plot 5 further supports the preferential flow effect on this plot. Intense rainfall events and a corresponding increase in tile-flow has been documented by Muir and Baker (1976) , Kanwar (1991), and Kanwar et al. (1992) ; however, in our study there was no immediate effect of heavy rainfall on flow rates of drain water except in the early part of the growing season of 1990 ( Fig. 1 and 2 ). This was partly because 1988 and 1989 were extremely dry years and depth of water table was about 3 m, in the beginning of 1990. The tile-flow rates in our sampling period are relatively small compared with the early season rate. This could be due to the growing corn crop at the surface, which takes up a considerable amount of water from the profile. Two major degradates of atrazine, DIA and DEA, were measured in all water samples collected during both seasons. Deethylatrazine concentrations in all three plots were greater than those of DIA (Fig. 3B, 3C , 4B, 4C); however, there was a greater concentration of DIA than DEA in Plot 4 on the 30 May 1991 sampling. A large standard error (0.642) associated with this data suggests that this may an anomaly. Skipper and Volk (1972) showed that microbial removal of the ethyl side chain is 8 to 12 times more rapid than for the isopropyl side chain. Using radiotracer techniques on similar soil associations taken from the same field, Kruger et al. (1993a) showed that DEA and fully dealkylated atrazine were major degradation products. They also studied degradation and movement in undisturbed soil columns (Kruger et al., 1993b) . In both studies, DEA was a major degradation product followed by DIA. Others have found a similar relationship (greater concentration of DEA than DIA) between these two degradates under both field and laboratory conditions (Sirons et al., 1973; Muir and Baker, 1976; Schiavon, 1988; Adams and Thurman, 1991; Gaynor, 1992) .
Total atrazine residue (atrazine + DIA + DEA) concentrations are important, because the principal degradates are assumed to be at least as toxic as atrazine (Belluck et al., 1991) , and their presence is of concern at greater levels. Total atrazine load exceeded the present mcl in sampies from three plots in both growing seasons. The one exception was in Plot 4, in which the total load was less than the mcl. Since the s-triazine ring is resistant to cleavage with only small amounts 14CO2 being liberated from ring-labeled s-tdazines in soil (Kaufrnan and Karney, 1970; Skipper and Volk, 1972; Wolf and Martin, 1975) , atrazine's degradates are expected to persist in some form in soil as well as in groundwater. Belluck et al. (1991) suggests that the total atrazine residue, atrazine plus its degrades, can exceed atrazine regulatory limits even though atrazine does not.
Losses of Atrazine Congeners through Tile-Flow Drainage
Quantitative loss of atrazine and degradates in tile-drain water is presented in Table 2 . In the 1990 growing season (May-August), the loss of atrazine and degradates is twice as great for Plot 2 as for Plot 4 ( Table 2 ). Loss of atrazine and degradates from Plot 5 for 1990 was not calculated, because only limited tile-flow data on that plot were available. Calculations on Plots 2 and 4 showed that 0.30 to 0.60% of the applied atrazine appeared in the tile-drain water as the parent compound. The total atrazine loss was 1.05 and 0.50% of that applied to Plots 2 and 4, respectively. Gaynor et al. (1992) reported a similar loss of atrazine combined with DEA (1.2-1.4 %) in the tile-drain water from a Brookston clay loam under continuous-corn production. However, Muir and Baker (1976) showed a loss of only 0.15 % of applied atrazine and its degradation products in the tile-drain water.
Loss of atrazine and degradates were calculated from all three plots in 1991. Though atrazine was not applied in Plots 2 and 4, measurable quantities of atrazine and degradates were discharged through tile-drainage flow (Table 2). A greater quantity (0.14 %) of atrazine was lost from Plot 5 than from Plots 2 (0.07%) or 4 (0.04%). However, considering the additional application of atrazine (2.24 kg ha -1) on this plot, the percentage loss may not be greater than that which occurred in the previous growing season. This suggests that the amount of rainfall governs transport of atrazine in the tile-drain water. The cumulative seasonal rainfall in 1990 (73.2 cm from May to August) was twice the cumulative rainfall in 1991.
Atrazine Congeners in Lysimeter and Piezometer Samples
During the early portion of the 1991 growing season, lysirneters yielded recoverable sample. However, later in the growing season reduced rainfall resulted in soil conditions in which no samples were captured. A maximum atrazine concentration of 20.5 ~tg L -1 was measured at a 90-cm depth in Plot 2 on the 18 June 1990 sample (Table 3) . Hall and Hartwig (1978) reported a similar level of atrazinc from suction lysirneters at a 120-cm depth in silty clay and clay loam soils. The concentration of atrazine in Plot 2 gradually declined to 2.4 lxg L -~ by 20 Aug. 1990 (Table  3) . At the 150-cm depth, the concentration of atrazine was less than at the 9O-cm depth, but followed a similar trend as seen at the 90-cm depth. In general, Plot 2 showed greater concentrations of atrazine when compared "Pable 3. Concentrations of atrazine and its degradates in suction lysimeter water at the 90 and 150-cm depth (1990) (1991) .~"
with Plots 4 and 5, which is in contrast to the observation made on tile-flow analysis, where Plot 5 atrazine concentrations were always greater than those in Plots 2 and 4. In 1991, the Plot 5 lysimeter sample at the 90-cm depth had greater concentrations of atrazine than Plot 2, due in part to the additional application of atrazine on this plot. Deisopropylatrazine and DEA were detected in most sampies, with the exception of the few at which the concentration was near the quantitation limit. Throughout the sampiing periods, DEA concentrations at both depths were greater than DIA concentrations. The total atrazine residue (atrazine + DIA + DEA) concentrations were greater at a 90-cm depth from Plot 2 compared with the other two plots.
The average atrazine and degradates concentrations in the individual piezometer samples taken at different depths during May and June of 1990 are presented in Table 4 . The average concentration of 6 ng L" 1 atrazine was detected at the 120-cm depth, whereas at the 180-cm depth, a concentration of 13.5 (ig LT 1 was measured. The atrazine concentration was significantly decreased below the 180-cm depth, suggesting that atrazine is moving at a much slower rate beneath that depth. The distribution of degradates at different depths in the piezometers followed a pattern similar to atrazine, although concentrations were diminished.
Geochemical Implications of Parent to Degradate Ratios
For the soil metabolism of atrazine, a parent-to-metabolite ratio has been proposed as an indicator of biogeochemical processes occurring in the soil, which influence groundwater quality. In both growing seasons the DAR values in Plot 5 did not change during the sampling periods (average DAR 0.55 in 1990 and 0.41 in 1991), suggesting a possible role for preferential flow through macropore environments, thus allowing less time for deethylation of atrazine ( Fig. 5A and 5B). In Plots 2 and 4, the DAR values during 1990 were at 0.43 and 0.60 in the early part of the growing season and gradually increased to 1.95 and 1.27 during mid to late summer, indicating that the biodegradation process correlated directly with residence time. A smaller DAR at the beginning of the growing season followed by a gradual increase in the later part of the season was also reported by Adams and Thurman (1991) .
Because DIA was also detected in almost all samples, and microbial removal of the isopropyl side-chain is well documented, a deisopropylatrazine-to-atrazine ratio (DIAR) was also calculated and correlated with DAR values. In general, the DIAR values were smaller than DAR values. The correlation coefficients (r 2 ) between DAR and DIAR were 0.65 for 1990 and 0.47 for 1991 data. The majority of the DIAR values were less than 0.5 and remained relatively constant. Following formation in the soil, DIA is either rapidly degraded into other chemical congeners or is rapidly leached through the soil profile by virtue of its enhanced hydrophilicity compared to DBA. Therefore, the use of DIAR value to explain the movement of atrazine does not offer the same utility as the DAR values.
The DIAR and DAR values for lysimeter and piezometer samples are presented in Tables 3 and 4 . In lysimeter samples, particularly at a 90-cm depth from the plot where a greater concentration of atrazine was detected, the DAR value was 0.17. Where lesser atrazine concentration was measured, greater concentration of DEA was observed, producing DAR values as great as 0.85. This suggests prolonged residence tune for atrazine in the surface soil, resulting in greater microbial degradation.
CONCLUSIONS
Atrazine, DIA, and DEA were consistently detected in both shallow groundwater and subsurface tile-drainage beneath no-till continuous corn plots in central Iowa during 2 yr. Atrazine concentration exceeded the mcl of 3 ng L" 1 in a significant percentage (>40%) of samples. Variability in concentration of atrazine and degradates was associated with characteristics of the individual plots (atrazine 0.5-8.4, DIA 0.1-2.2, and DEA 0.9-3.2 ug LT 1 ). The ratio of deethylatrazine-to-atrazine (DAR) suggested that shorter residence time in the soil allowed minimal microbial contact in Plot 5, where the greatest atrazine concentrations were determined in tile drainage. Atrazine was detected in both shallow groundwater and hi tile drainage several months following the most recent application. Because most tile drainage is discharged to the surface, contamination with atrazine and degradates represents a risk to surface water quality. However, the occurrence of these contaminants in the shallow groundwater system does not preclude movement into deeper aquifer environments.
